The method for calibrating elevation measurements at EKB ISTP SB RAS radar obtained for the period 20/09/2019 -18/11/2019 is presented. The calibration method is a modernization of the method for calibrating radar by meteor trails.
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Introduction
The coherent decameter radars of Super Dual Auroral Network (Super-DARN) (Greenwald et al., 1995; Chisham et al., 2007; Nishitani et al., 2019) and similar radars (Berngardt et al., 2015b) are effective instruments for studying the magnetosphere-ionosphere interaction and for the upper atmosphere monitoring by radiowave scattering technique. Radars are the instruments with the regular spatial resolution 15-45km, the regular temporal resolution 1-2 minutes, the maximum range 3500-4500km, and nearly 50 o field-of-view in azimuth.
The decameter radars operate at 8-20 MHz, so ionospheric refraction plays a significant role. The sources of the scattered signals received by the radars are: the meteor trail scattering in D-and E-layers of the ionosphere (Yukimatu and Tsutsumi, 2002) , scattering from E-and F-layer ionospheric irregularities elongated with the Earth magnetic field (Greenwald et al., 1995; Chisham et al., 2007) , signals scattered by surface (ground and water) irregularities and detected due to refraction of radiowaves in the ionosphere (Ponomarenko et al., 2010; Greenwood et al., 2011) , mesospheric echoes (Hosokawa et al., 2004 (Hosokawa et al., , 2005 Ogunjobi et al., 2015) and other possible mechanisms (Ponomarenko et al., 2016) . The propagation trajectory of the radio wave affects both the accuracy of identifying the scattered signal type (Bland et al., 2014) and the accuracy of determining the parameters of ionospheric irregularities: their velocity (Ponomarenko et al., 2009; Gillies et al., 2011) , altitude (Koustov et al., 2007; Ponomarenko et al., 2009) and geographical coordinates (Villain et al., 1984; Ponomarenko et al., 2009; Berngardt et al., 2015a) . Therefore, the trajectory estimation is a complex theoretical and computational problem and is the basis for solving important practical problems of using decameter coherent radars for ionospheric and magnetospheric monitoring.
One of the main methods to improve the accuracy of the radiowave propagation trajectory estimate are elevation (vertical angle of arrival, interferometric) observations (Villain et al., 1984) . Due to the relatively long wavelength, comparable with the distance from the antenna to the ground surface, the thermal variations in radio cables and the analog parts of the transmitter and receiver parts, the elevation observations require a regular phase calibration (Chisham and Freeman, 2013; Chisham, 2018; Ponomarenko et al., 2018) . Due to the potential dynamics of the calibration parameters, such a technique should be automatic.
The main problem with calibration of SuperDARN interferometry is that for direct calibration using a fixed source at a given location one needs to put a target at about 100 km altitude and about 300-500 km range due to the scale of measurements. It is practically impossible and other techniques are used. Currently at SuperDARN radars the following basic calibration methods are used: by using the position of the ground scatter signal (Ponomarenko et al., 2015) ; by using the signals scattered in the E-layer of the ionosphere (Ponomarenko et al., 2018) ; by using the signals scattered by the meteor trails (Chisham and Freeman, 2013; Chisham, 2018) ; and by using the ionospheric targets with known geographic location, for example heater-induced artificial irregularities (Burrell et al., 2016) .
Ground scatter calibration is based on adjusting the phase difference between the main and interferometer antenna arrays in such a way that the resulting elevation approaches the theoretically expected zero values at the far edge of the ground scatter band for any given 'hop' (Ponomarenko et al., 2015) . The main problem of the method is the intrinsically high dynamics in the ground scatter range distribution due to strong variability of the ionospheric parameters, which requires visual analysis of the data and effectively prohibits automatic calibration process.
Less affected by the ionospheric refraction and therefore more suitable for automatic processing are the methods based on using scattering in E-and Dlayers -the lower part of the ionosphere.
In the case of using the signals scattered in the E-layer of the ionosphere, the calibration procedure is based on matching the observed phase distribution from the farthest ranges of the E-layer echoes, where the elevation angle is expected to be nearly zero, with the simulated distribution produced by using a simple statistical model of the E-layer backscatter returns (Ponomarenko et al., 2018) .
Using this approach allows one to improve the accuracy of calibration in comparison with that in (Ponomarenko et al., 2015) due to much lower variability in the E-layer altitude as compared to that of the F-layer. Furthermore, this approach does not require taking into account a refraction in the ionosphere which allows creating an automatic calibration algorithm. In this case, the calibration is performed over the data produced by standard SuperDARN programs: the phase of the correlation function between the signals received at main and interferometric antenna arrays and averaged over the number of soundings. Another technique presented in (Chisham and Freeman, 2013; Chisham, 2018) allows calibrating measurements by adjusting the phase offset in such a way that the effective altitude of scattering at meteor trails (D-and E-layers) is the same across several range gates.
The problem of the both methods is the complexity of independent measurement of the height of the scattering irregularity, found either by optimization of the residual functional (Chisham, 2018) , by measuring average spectral widths (Chisham and Freeman, 2013) , or by substituting a model height (Ponomarenko et al., 2018) . Another problem of these methods is detecting scattered signals of necessary kind and differing them from other signals, because misidentification leads to processing errors. Using large amount of sounding data, however, can mitigate these problems (Chisham, 2018; Ponomarenko et al., 2018) .
In this paper, we present a method for calibrating the elevation measurements at EKB ISTP SB RAS radar by using the signals scattered on meteor trails, improving (Chisham and Freeman, 2013; Chisham, 2018) technique. The problems of determining the scattering height and detecting the scattering type are solved by independent algorithms. They are based on the physical mechanisms of the meteor echo formation and on the automatic analysis of the received signals quadrature components.
Calibration method
The EKB ISTP SB RAS (Berngardt et al., 2015b) The measurements of the phase difference between the signals received by main and interferometric antenna arrays provide the elevation angles estimations and require calibration. Due to the linear orientation of the main and interferometric arrays, the antenna pattern at a fixed azimuth for each of the arrays corresponds to the surface of a cone (Fig.1E ), and the azimuth should be taken into account when calculating elevation. The 2πn uncertainty in the calculation of the phase caused by the large distance between main and interferometric arrays should be taken into account too.
To calibrate elevation observations we choose the meteor calibration method (Chisham and Freeman, 2013; Chisham, 2018) , modified to use wide capabilities of the EKB ISTP SB RAS radar to process meteor trail scattering. The calibration method (Chisham, 2018) uses processed data, extracts meteor signals by range (<400km) and determines the average meteor trail height using algorithmic optimization. In (Chisham and Freeman, 2013) the meteor trail height is determined from average spectral width.
Our method uses exclusively the waveform of signals scattered from meteor trails measured on two phased arrays. The scattering height is calculated based on the shape of the scattered signal using the reference model of the neutral atmosphere NRLMSIS-00 (Picone et al., 2002) .
There are two types of scattering on meteor trails, differing by the ratio of the trail plasma frequency to the sounding frequency: underdense and overdense echo.
To calibrate the elevation observations we use underdense echo because their cross-section exponentially decrease with time and they are easy to detect. Their dynamics is controlled by recombination processes and in the first approximation is related to the diffusion coefficient at the burn height (Jones and Jones, 1990) so their altitude can also be detected from the radar data. At EKB radar we use the algorithm for detecting underdense meteor trail echoes, similar to the detection algorithms at specialized meteor radars and SuperDARN radars (Tsutsumi et al., 1999 (Tsutsumi et al., , 2009 ) but adjusted to use EKB radar features.
Search and selection of meteor trail scattering at EKB radar is carried out using the following scheme:
1. Search for bursts of signal level spatially localized by range and azimuth; 2. Fit separately the amplitude and the phase of the signal by the model In this paper we use the characteristic lifetime, associated with the diffusion coefficient at the burning height. The trail lifetime distribution is shown in The characteristic meteor trail lifetime τ of the underdense echo is defined by the diffusion coefficient D at the burn height (Tsutsumi et al., 2009; Chisham and Freeman, 2013) :
and the diffusion coefficient is:
where λ is sounding signal wavelength; T is absolute temperature; p is the pressure; K is the mobility coefficient of the ions in the meteor trail, usually taken as 2.2 · 10 −4 m 2 s −1 V −1 (Tsutsumi et al., 2009 ).
The burn height is determined by the NRLMSIS-00 model (NRLMSISE-00) for a given time and coordinates, by iterative search over the heights. The distribution of the burn heights calculated according to the EKB radar data over the period 2017-2019 is shown in Fig.2C . As can be seen from the figure, the main part of the distribution corresponds to heights 80-100 km with the most probable burn height 89 km, which is in a good agreement with the results obtained earlier (Holdsworth et al., 2004) .
Refraction at altitudes lower than the meteor's burn altitudes is weak and the sounding signal trajectory is linear. Using this approach the interferometer can be calibrated using the radar observations only. To calibrate the phase difference between the phased arrays, the model and experimental phases have been compared. The experimental phase difference was determined as the phase providing maximal cross-correlation coefficient between the signals received by both arrays.
The model phase difference is obtained from geometric considerations as the following:
where ∆ y , ∆ z are the displacement of the center of the interference array relative to the center of the main array in the horizontal and vertical directions It is traditionally supposed that the phase discrepancy between model and experimental phase observations is associated with a total phase shift between the receivers and the difference in the electric propagation lengths of the signal from the phased arrays to the receivers (Chisham, 2018; Ponomarenko et al., 2018) . As a preliminary analysis showed, the EKB has a significant non-linear component of the phase difference caused by the hardware. Therefore, the calibration problem in this paper was solved for the basic operating frequencies of the radar 10-12MHz only. This allows us to neglect the frequency dependence 1. based on the data set that simultaneously satisfies the conditions R > 0.8, R i > 250km, R i < 750km, the first approximation of the calibration coefficient A 0 is made using (5);
2. the observations in the back lobe of the antenna pattern are removed.
They are defined as observations that differ from the dependence found at the first stage by more than 1 radian: |∆ϕ exp,i − (∆ϕ mod,i + A 0 )| > 1 ;
3. based on the remaining data set, more accurate calibration coefficient A is found using (5).
It should be noted that in contrast to the methods (Chisham, 2018; Ponomarenko et al., 2018) , the main parameter used for calibration is not a statistical dependence of the phase characteristics on the radar range, but the difference between the expected and observed phase for each meteor trail. In contrast to (Chisham and Freeman, 2013 ) the shape of the signal scattered by meteor trail is used for calibration, but not its average parameters produced by FitACF algorithm.
For the calibration, we processed about 2 months of interferometric obser- dependence of the phase difference on the azimuth (caused by the hardware used for the formation of the antenna pattern) and with a significant level of the noise during the observations -both auxiliary noise (Berngardt et al., 2018) and the noise of the analog receivers.
The obtained results have been validated using technique (Ponomarenko et al., 2018) which estimates time delay δT between main and interferometric channel. The calibation coefficient A in this case becomes
This technique requires a statistically significant amount of E-layer echoes, so we applied to the data from 28/09/2019 when the E-layer scatter was clearly observed (see Fig.6 ). Our analysis produced the estimate of δT = −8.4ns. For standard frequency used in this experiment 11.2MHz this corresponds to the calibration coefficient A ≈ −0.591 in very good agreement with the technique presented in this paper.
Testing the calibration results using FitACF data
All the previous operations were carried out directly with the quadrature components of the signal. However, when interpreting the experimental data, a two-stage scheme for obtaining processed data is used: at the first (RawACF) stage, the values of the autocorrelation and cross-correlation functions are obtained (calculated respectively from the main array signals and jointly from the main and interference arrays signals), and at the second (FitACF) stage these correlation functions are used to estimate the parameters of ionospheric irregularities using FitACF algorithm (Ribeiro et al., 2013) . The calculation of the difference in interferometric phases and the calculation of the elevation angle is made at the second stage.
Let us demonstrate the effectiveness of the calibration correction obtained by this method for correcting the FitACF data. We studied the measured interference phase obtained at the FitACF stage and calibrated using calculated the expected elevation angle, but gives a positive elevation angle for each range. Fig.8A shows a good agreement between the average measured elevation angles and model ones at the ranges less than 450 km, which confirms well the statement of (Chisham, 2018) about predominant scattering from meteor trails at ranges less than 400 km.
The ratio of the measured elevation angle α exp to the model angle α mod for 90 km scattering allows one to estimate the type of scattering under no refraction assumption, using effective scattering height h ef f :
The mean effective scattering height is shown in Fig.8 . 
Conclusion
The method for calibrating elevation measurements at EKB ISTP SB RAS radar obtained for the period 20/09/2019 -18/11/2019 is presented.
The calibration method is a modernization of the method for calibrating radar by meteor trails, proposed in (Chisham and Freeman, 2013; Chisham, 2018 ). The main difference of the method is the use of not a statistically processed FitACF data, but the full waveform of the signals scattered on the meteor trails. Using the full waveform makes it possible to more reliably distinguish meteor scattering from other possible scattered signal sources, and to determine meteor heights from the trail lifetime using the NRLMSIS-00 model. Due to the complex frequency dependence of the phase difference at the EKB radar, the calibration was performed only for the frequency range 10-12 MHz, used for regular observations. A comparison of the results with the method of (Ponomarenko et al., 2018) demonstrated a good agreement.
Based on a statistical analysis of the usability of the technique was demonstrated on the processed FitACF data. It is shown that the obtained elevation data on average corresponds well to the expected elevation angles. It is shown that up to 450 km range, meteor scattering can be considered dominant. The first examples of regular elevation observations at the EKB ISTP SB RAS radar are presented, and their preliminary interpretation is given.
